Magnetically arrested accretion discs (MADs), where the magnetic pressure in the inner disc is dynamically important, provide an alternative mechanism for regulating accretion to what is commonly assumed in black hole systems. We show that a global magnetic field inversion in the MAD state can destroy the jet, significantly increase the accretion rate, and move the effective inner disc edge in to the marginally stable orbit. Reconnection of the MAD field in the inner radii launches a new type of transient outflow containing hot plasma generated by magnetic dissipation. This transient outflow can be as powerful as the steady magneticallydominated Blandford-Znajek jet in the MAD state. The field inversion qualitatively describes many of the observational features associated with the high luminosity hard to soft state transition in black hole X-ray binaries: the jet line, the transient ballistic jet, and the drop in rms variability. These results demonstrate that the magnetic field configuration can influence the accretion state directly, and hence the magnetic field structure is an important second parameter in explaining observations of accreting black holes across the mass and luminosity scales.
INTRODUCTION
A black hole accreting magnetic field with a consistent sign of magnetic flux reaches a limit where the magnetic pressure at the black hole resists continued accretion (Bisnovatyi-Kogan & Ruzmaikin 1974 , 1976 . The accretion process in this limit is mediated by instabilities in the black hole magnetosphere, and the magnetorotational instability (Balbus & Hawley 1991) , typically thought to cause angular momentum transport in black hole accretion discs, is marginally suppressed (McKinney, Tchekhovskoy & Blandford 2012, MTB12) . predicted that such a "magnetically arrested" disc (MAD) could be an extremely efficient engine. This was recently confirmed in general relativistic MHD simulations (Tchekhovskoy, Narayan & McKinney 2011, MTB12) , where the Blandford & Znajek (1977, BZ) jet efficiency (energy expelled vs. accreted by the black hole), can be 150 − 250% at high black hole spin. Reaching this limit requires only modest coherent vertical magnetic field, suggesting that it could be generic to galactic nuclei and binary systems (MTB12).
⋆ E-mail: jdexter@berkeley.edu Igumenshchev (2009) argued that a polarity inversion in the accreted magnetic field in the MAD state could trigger the observed state transitions in black hole X-ray binaries (BHBs). This work was based on 2D MHD simulations, which cannot accurately capture the MAD state due to the absence of the non-axisymmetric modes which dominate the accretion in this state. In order to more accurately study the physical outcome of such an inversion, MTB12 set up numerical experiments in several of their 3D, high resolution, general relativistic simulations of MAD accretion flows. Their initial conditions contained large scale field inversions, where adjacent magnetic field loops in the initial density distribution have opposite magnetic polarity. The magnetic flux in each loop was chosen to be much more than required to establish the MAD state. As accretion proceeded, a MAD state was established, reached quasi-steady state, and then a large amount of coherent field of the opposite polarity was accreted. MTB12 studied the quasi-steady structure of the MAD state in these simulations, but did not analyze the outcome of these polarity inversions.
In this Letter, we study the evolution of the accretion flow and jet during a large-scale field inversion experiment carried out by MTB12. We demonstrate that the accreted magnetic field configuration can indeed change important properties of the accretion flow including the mass accretion rate, the disc geometry, and the effective inner disc edge ( §2). We further show that the reconnection of c 2013 RAS the MAD magnetic field destroys the BZ jet and launches a new type of transient outflow. We discuss possible observational implications of these results, particularly for BHBs and their state transitions, in §3.
A FIELD INVERSION IN A MAGNETICALLY ARRESTED BLACK HOLE ACCRETION DISC
The fiducial simulation presented in MTB12 (named A0.94BfN40 in their Table 3 ) is the highest resolution, longest duration 3D simulation of a MAD configuration to date, providing a wealth of information about the physics of magnetized accretion. We extend their analysis by studying the evolution of this simulation to late times, following a polarity inversion in the accreted magnetic field. We use area-integrated and shell-averaged radial profiles in BoyerLindquist coordinates to study the evolution of various quantities. The density-weighted shell-average of a quantity Q is defined as:
where ρ is the density, dA θφ = dθdφ √ −g, and g is the metric determinant.
Long after a quasi-steady MAD state is established in the inner disc (r < 25rg, where rg = GM/c 2 is the gravitational radius and M is the black hole mass), material is accreted with the opposite magnetic field polarity as that on the black hole. Figure 1 shows density-weighted shell-averaged radial profiles of various quantities before, during, and after the ensuing field inversion at t ∼ 20000 rg/c. The quantities considered include the vertical magnetic field strength, taken as the azimuthally-averaged b θ (θ = π/2), where b µ is the magnetic field four-vector measured in Heaviside-Lorentz units; the total pressure: pg + b 2 /2, where pg is the gas pressure; and the radial velocity, v r ≡ u r /u t . As in MTB12, the disc scale height, θ d , is defined as:
where θ0 is the midplane location. The measured rms variability is calculated as the difference between the actual accretion rate curve and a smoothed version in order to remove secular trends on longer timescales. It is only calculated during the field inversion. This procedure enables accurate estimates of fluctuations during the inversion, but leads to small rms values at all times (e.g., rms ≃ 1% compared to ≃ 30% in the raw accretion rate curve in the MAD state). The mass and energy fluxes are,
where T µ ν is the stress energy tensor. We will further use the fluxes of electromagnetic, T r,EM t = b 2 u r ut − b r bt, kinetic, T r,KE t = ρu r (1 + ut), and thermal, T r,EN t = (ug + p)u r ut energy where ug is the internal energy density.
The inner disc radius is defined as the minimum of the stress, infall, and turbulent velocity measures from Krolik & Hawley (2002) , but is not allowed to move inside the ISCO. The jet efficiency is defined as,
Time ( . Time evolution of several quantities during the A0.94BfN40 simulation from MTB12. The inner disc edge is in units of rg, the scale height is dimensionless, and the radial velocity is in units of c. All other quantities use (arbitrary) code units. The pressure, radial velocity, and vertical field strength are measured at r = 5 rg. The accretion rate is measured at r = 3 rg. The scale height is measured at r = 3rg (solid line) and 5rg (dashed line). The magnetic and internal energies are measured at r = 25 rg. During the inversion, the vertical field polarity flips in sign.
The magnetic pressure drops sharply as the two field polarities mix and reconnect, resulting in an increase in thermal energy. The accretion rate increases due to an increase in the radial velocity, the inner disc is no longer compressed by pressure at the disc-jet interface, the inner disc edge moves towards the black hole, and the rms variability drops. These effects are reversed as the MAD state is re-established. c 2013 RAS, MNRAS 000, 1-5
where the subscript j denotes that the jet power includes only the energy fluxes in the jet and wind (with the jet being the dominant contribution). In the MAD state, the jet can be robustly defined as magnetically-dominated regions with b 2 /ρc 2 > 1 and the wind as regions with b 2 /ρc 2 < 1 and 2pg/b 2 < 1 (MTB12). However, during the field inversion these definitions do not capture the region of interest. We instead define the jet and wind as regions near the pole with θ < 10
• and 30
• , and measure jet powers at r = 50rg where both choices for the wind and jet region give consistent results.
Quasi-steady MAD state
Prior to the field inversion event (t 19000rg /c), the accretion flow is in the quasi-steady MAD state analysed in detail by MTB12. A strong, coherent vertical field is present in the inner disc. The jet is powerful, and clearly extracting black hole spin energy (efficiency ≃ 250%). The scale height at r = 3rg is significantly smaller (h/r ≃ 0.25) than that at r = 5rg (h/r ≃ 0.6) due to compression by magnetic pressure from the surrounding jet magnetosphere. The MRI is marginally suppressed in this state, and accretion proceeds through instabilities at the jet-disc interface, leading in this simulation to fluctuations in the mass accretion rate and quasi-periodic oscillations in other dynamical quantities (e.g., the jet power). For the thinner discs (θ d ≃ 0.3) studied in Tchekhovskoy, Narayan & McKinney (2011) , the rms noise is larger, and no QPOs are present.
Field inversion
The evolution during the magnetic polarity inversion (t 19000rg /c) is studied here for the first time. As the opposite polarity loop is accreted, the two field polarities mix and reconnect throughout the disc. This can be seen in the top two panels of Figure 1: the vertical field in the inner disc changes sign as the inversion proceeds, while the internal energy increases as the magnetic pressure decreases.
Subsequently, the inner disc expands vertically due to the removal of magnetic pressure from the jet (e.g., the scale height at all radii expands to that imposed by the initial conditions, θ d ≃ 0.6), and therefore the radial velocity increases. The accretion rate then increases in response to the larger radial velocity. The effective inner disc edge moves closer to the black hole as the disc more closely resembles a standard MRI state. In the (short lived for these initial conditions, ∆t ≈ 2000rg/c) MRI state, the QPOs disappear and the rms variability in all dynamical quantities drops (bottom panel of Figure 1 ).
These results demonstrate that the magnetic field geometry accreted can greatly affect the evolution of the disc, and even control the accretion rate, which is usually considered to be an independent parameter. The reason for the accretion rate change is that the radial velocity allowed by magnetic Rayleigh-Taylor and interchange instabilities (Stone & Gardiner 2007) in the MAD state is different from that set by the MRI alone. Once the field inversion destroys the built up magnetically-dominated jet, the MRI determines the radial velocity and in general gives a different quasi-steady accretion rate. The MAD accretion rate should always be smaller than that in the MRI state, since the strong magnetosphere at the black hole in the MAD state is actively impeding accretion. 
Transient jet formation
The production of magnetically-dominated jets in GRMHD simulations requires coherent vertical field threading the black hole (Beckwith, Hawley & Krolik 2008; McKinney & Blandford 2009 ). As field of the opposite polarity is accreted, the vertical field on the black hole decreases due to magnetic reconnection. This in turn destroys the magnetically-dominated MAD state jet. Figure 2 shows the magnetic, kinetic, and thermal energy fluxes in the jet as functions of simulation time. The decrease of the Poynting flux corresponds to the destruction of the BZ jet. Following the inversion, the kinetic and thermal fluxes suddenly increase. These increases correspond to a transient outflow, which propagates outwards as shown in the bottom panel of Figure  2 . The implied speed from the delay between the peaks in flux at different radii is ≃ 0.1c, about twice the velocity of the MAD jet at r = 50rg. These measured velocities are sub-relativistic because the jet is still accelerating at these radii. The terminal Lorentz factor gives an upper limit to the velocity at large radius, outside the simulation domain (McKinney 2006) : Γ∞ = −Ėj/Ṁj . The upper limit to the Lorentz factor of the transient outflow, Γ∞ ≃ 1.3 − 2.0, is smaller than that of the BZ jet: Γ∞ ≃ 3 − 30. Further study will be required to determine whether these transient outflows can become ultrarelativistic at large radii.
The most natural energy source for this outflow is magnetic energy converted into thermal energy during the field inversion.
Most of this energy in the simulation is contained within r 10rg, but the vast majority is lost to the black hole. Between r = 10 − 50rg, the thermal energy increases by roughly the same amount as the magnetic energy drops during the conversion, implying efficient heating of the gas from reconnection. Therefore, the outflow is powered by reconnection in the disc rather than at the black hole. The energy in the outflow also increases as a function of radius, indicating that a wide range of radii contribute to its power.
The transient outflow velocity is ≃ 0.05 − 0.1c over the radial range (r 200rg) where it can be followed. It is not clear what sets the velocity. In the simulation we study, the outflow is accelerated by a BZ jet which re-forms following the inversion. However, the material is already unbound and flowing outwards before the BZ jet re-forms. The outflow duration at r = 50rg is shorter than expected from reconnection liberating thermal energy on the inflow time, and the velocity is smaller than the local escape speed. It is possible that faster material from smaller radii sweeps up that at larger radius, but the velocity is roughly constant with radius.
Unlike the BZ jet (P ∼ a 2 at low spin), the transient jet power does not appear to depend on black hole spin. The a = 0 MTB12 simulation with the same initial condition has no BZ jet but forms a transient outflow with comparable speed and power. Therefore, large-scale reconnection may produce powerful jets even at low black hole spin, which has not previously been possible in global simulations. However, the lower spin MTB12 simulations were not run long enough for the second polarity inversion to occur, which we have studied here for their fiducial simulation (which required ∼ 10 7 cpu-hours). This second inversion occurs after a quasisteady MAD state is achieved out to r > 25rg, and is therefore more likely to give robust results. We plan to study the properties of inversions and transient outflows as a function of black hole spin and disc thickness.
OBSERVATIONAL IMPLICATIONS
We have demonstrated that global magnetic field polarity inversions in magnetically arrested accretion discs (MADs) can directly influence the accretion state. In the simulation studied here (the fiducial simulation first presented by MTB12), magnetic reconnection following a global field inversion destroys the steady jet. In addition, the inflow is no longer inhibited by the strong magnetic field, so that the accretion rate rises by a factor of several. The accreted magnetic field geometry, then, can control the accretion rate onto the black hole. Reconnection from the accretion of opposite polarity field converts magnetic energy in the disc into kinetic and thermal energy fluxes (Figure 2 ). This energy flux propagates outwards, at ≃ 0.1c out to 100rg in the simulation studied here, with a mildly relativistic terminal Lorentz factor of 1.3. This is a new type of relativistic outflow from a black hole accretion disc, whose power is comparable to that of the magnetically-dominated Blandford-Znajek jet in this simulation. This method for dissipating jet Poynting flux should operate in MRI discs as well as the MAD disc studied here.
Our results may have several implications for observed accreting black holes. At least two types of jets are observed in BHBs: a steady, compact jet (Mirabel et al. 1992; Fender 2001 ) is seen in the hard spectral state (e.g., Remillard & McClintock 2006) , while a transient, ballistic jet is seen during transitions from the hard to soft state (Mirabel & Rodríguez 1994) . Neither type of jet is observed in the soft state (Fender et al. 1999 ). The transient jet seen Figure 3 . Proxies for luminosity vs. hardness (top) and rms variability vs. hardness (bottom) sampled during (solid) and before/after (open) a field inversion in a simulation of a magnetically arrested accretion flow. The hardness is taken to be the difference between jet (equation 4) and disc efficiencies, while the total luminosity is the sum of jet and disc efficiencies multiplied by the accretion rate. The rms variability values are low because they are measured by subtracting the accretion rate curve from a smoothed version, in order to remove secular variations. The field inversion causes a transition between a more variable "hard" state and a quieter "soft" state.
here is also produced during a change in state of the accretion disc, from the MAD to the MRI state. It is therefore tempting to associate the hard and soft states with MAD and MRI accretion flows, as first suggested by Igumenshchev (2009) . The hysteresis seen in black hole outbursts would then correspond to whether or not the accretion flow is magnetically arrested.
Several of our results support this scenario. The MAD state is associated with a steady jet, while MRI jets are either absent or weak, depending on the spin and disc thickness (Penna et al. 2010) . The MAD jet power is proportional to the accretion rate (Tchekhovskoy, Narayan & McKinney 2011) , naturally explaining the observed radio/X-ray correlations in BHBs whether the hard X-rays are produced in the disc (e.g., Magdziarz & Zdziarski 1995; Esin, McClintock & Narayan 1997) or the jet (e.g., Markoff, Falcke & Fender 2001; Markoff, Nowak & Wilms 2005) . The recently discovered radio loud and quiet tracks in the hard state (e.g., Coriat et al. 2011 ) could correspond to weak (strong) jets from an MRI (MAD) accretion state. The large MAD jet efficiences could explain the high X-ray luminosities reached in the hard state, which are difficult to explain using radiatively inefficient accretion.
The transition from the MAD to the MRI state also qualitatively resembles the observed hard to soft state transitions in BHBs. As the steady MAD jet is destroyed during the field inver-sion, the rms variability in many quantities (e.g., the accretion rate) drops sharply, and a new type of transient outflow is launched, in qualitative agreement with observations. To demonstrate this idea, we show proxies for the X-ray color (hardness ratio), luminosity, and rms variability during the state transition in Figure 3 . Using these proxies, the inversion event shows a transition from a more variable hard state to a quieter soft state at similar luminosity, qualitatively similar to observed hardness-intensity and hardnessrms diagrams from black hole outbursts. This transition is driven by large-scale magnetic reconnection, in this simulation following a field polarity inversion. We note that reconnection could alternatively be a side effect of a different mechanism driving BHB outbursts, e.g., cooling instabilities (Esin, McClintock & Narayan 1997; Das & Sharma 2013) , rather than the root cause. In this case it could explain the spectral state transition and the associated transient jet ejections.
If the magnetic field configuration does play an important role in BHB state transitions, then different outburst cycles in persistent and transient sources may be related to the efficiency of magnetic field transport in accretion discs. In transient sources where the soft state is reached, the disc may collapse and become geometrically thin, preventing further efficient transport of magnetic flux (Lubow, Papaloizou & Pringle 1994) . In persistent sources which never reach the soft state, the MAD state could be re-established on a relatively short timescale, triggering a return to the hard state. This could explain the repeated jet ejection cycles in a source like GRS 1915+105 (e.g., Neilsen & Lee 2009) or 3C 111 (Chatterjee et al. 2011 ). These could also be the result of partial reconnection events, which power a transient outflow but do not completely destroy the MAD state.
Our estimated transient jet power depends on the magnetic energy density and the timescale over which it is dissipated. It does not seem to depend on black hole spin, and therefore naively we predict that the observed transient jet power should be roughly independent of black hole spin, in agreement with some analyses (Russell, Gallo & Fender 2013 ) and potentially at odds with others (Narayan & McClintock 2012; Steiner, McClintock & Narayan 2013 ). This issue is complicated by the fact that the observed radio emission comes from much larger scales than the jets studied in the simulation. The propagation of these new transient outflows to larger scales, including their dynamical and radiative properties, should be studied in future work.
The radiative properties of the new transient jets described here are particularly interesting. Simulated BZ jets contain an "empty funnel" (De Villiers et al. 2005; McKinney 2006) . In order to calculate observables from BZ jets, it is necessary to invoke some source of particles, either from a physical process (e.g., pairproduction, Mościbrodzka et al. 2011) or as an ad-hoc prescription (Broderick & McKinney 2010; Dexter, McKinney & Agol 2012; Moscibrodzka & Falcke 2013) . In contrast, the transient jets are dominated by particle energy generated by magnetic reconnection.
MAD accretion flows, jets, and transient outflows may play a role in a variety of BH systems. Sikora & Begelman (2013) suggested that the radio loud/quiet dichotomy in active galactic nuclei could be due to the presence or absence of sufficient coherent magnetic field to develop a MAD accretion state. This is similar to our association of MAD and MRI accretion with the hard and soft states of BHBs. Alternatively, the dichotomy could be due to the type of jet present in the system: the steady MAD jet, or a transient outflow powered by magnetic reconnection. Tchekhovskoy et al. (2013) showed that many observed properties of the putative tidal disruption flare Swift J1644+57 can be explained by a MAD state jet. Some of the large amplitude variability occurring in that event at early times could alternatively be explained by transient outflows triggered by magnetic reconnection. Reconnection could also produce similar variability seen in long gamma ray bursts (Proga & Zhang 2006; McKinney & Uzdensky 2012) . Our results show that field polarity inversions are one possible mechanism for triggering large-scale magnetic reconnection.
